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Aortic valve (AV) calcification is a major cause of mortality and morbidity.  This disease 
involves the chronic inflammation of the AV leaflets and calcium deposition, resulting in valve 
stenosis and regurgitation.  The exact cause of aortic valve calcification is unknown but previous 
studies have shown that adverse mechanical forces play a role.
1
  Unfortunately, the mechanical 
environment of the AV is not well known.  Thus, the objective of this project was to make 
experimental measurements of the fluid shear stress mechanical environmental of the native 
aortic valve.  Native aortic valves were excised from porcine hearts, sutured onto stented rings, 
and tested in an in vitro pulsatile flow loop.  Laser Doppler Velocimetry (LDV) was used to 
measure shear stresses on the aortic surface of the valve leaflet.  Two fluid shear stress 
experiments were run to understand the effects of hemodynamics on fluid shear stress: varying 
stroke volumes at a constant heart rate and varying heart beats at a constant stroke volume.  As 
the stroke volume increased, fluid shear stresses increased due to the stronger sinus fluid motion.  
As the heart rate increased, fluid shear stresses decreased due to reduced systolic duration which 
restricted strong sinus flow formations.  These results show that a higher heart rate can 
potentially elicit sclerotic responses from the AV and a higher velocity may reduce sclerotic 
responses from the AV.  This data can be used to further understand AV biological response to 
shear stresses and to create improved computational simulations of flow dynamics in an aortic 
valve.   
 






The aortic valve (AV) regulates blood flow from the left ventricle to the aorta, which 
leads to the rest of the body.  Calcific aortic valve disease is one of the most common heart valve 
diseases, affecting 2% of the elderly population.
2
  AV leaflets experience chronic inflammation, 
which results in calcification (deposits of calcium) on the cusps as shown in Figure 1.  
Calcification may result in aortic stenosis, regurgitation and eventually heart failure, or other 
catastrophic problems such as aneurysms and dissections.
3
  Aortic stenosis is the narrowing of 
the aortic valve opening, which causes the heart to pump harder to overcome resistance so thus 
increasing pressure.
4
  Regurgitation is the backflow of blood due to incompetent valve closure.   
 




It has been hypothesized that exposure to adverse mechanical forces may be the cause of 
early calcification to the valve leaflets.  Specifically, fluid shear stress protects against pro-
inflammatory and pro-oxidative expressions in valvular endothelial cells.
5
  In addition, reduced 
shear stresses on the non-coronary leaflet of the AV increases the risk of aortic valve 
calcification.
20
  Ex vivo studies indicated that mechanical forces influence valve biology and 
pathobiology and thus could play a role in the development of calcific aortic valve disease.  
Figure 2 displays the mechanical forces on the valve.  Previous studies have suggested that the 





  In order to verify this hypothesis, the mechanical environment of the normal aortic 
valve must be fully characterized. 
 




The objective of the current study was to obtain experimental measurements of the 
mechanical environment of the normal aortic valve, more specifically, fluid shear stresses on the 
leaflets of the valve using Laser Doppler Velocimetry (LDV).  This study examined the effects 
of hemodynamics (various stroke volumes and heart rates) on AV fluid shear stresses.  The shear 
stress data gathered from the experiment will help identify the effects of fluid shear on valve 
biology and calcification.  Additionally, these results can be used to numerically model flow 
dynamics in the aortic valve.  Subsequently, modeling of the motion of the valve can become 
more accurate to match native physiology.  Finally, understanding the valve environment will 








Shear stress measurements were conducted over a range of varying stroke volumes and 
heart rates to understand the effects of hemodynamics on shear stresses.  Four different stroke 
volumes were studied: 29 ml, 43 ml, 62 ml, and 68 ml.  Three different heart rates were also 
studied: 50, 70 and 90 beats/minute.  These values were chosen to cover a range of physiological 
conditions as heart rate and stroke volume differs between race, gender and age.   
 
Valve Model 
Native aortic valves were constructed from porcine tissues, and tested in a pulsatile flow 
loop.  Porcine hearts were obtained from the local slaughterhouse (Holifield Farms, Covington, 
GA) and the aortic root was removed and trimmed.  The sinus wall of the root was excised and 
sutured to a dual-stented plastic ring as shown in Figure 3.  The valve is placed in a 0.1% 
gluteraldehyde solution for 24 hours under mild aortic pressure of 25 mmHg.  This procedure 
ensured that the valve did not degrade while undergoing experiments.   
 






A normal chamber was made using idealized sinus geometries from previous 
experimentation.  Figure 4 shows the chamber design.  The valve was positioned into this acrylic 
chamber ensuring that there is no gap between the stents and the walls of the chamber.   
 
Figure 4: Acrylic chamber with three-lobed idealized sinus geometry. 
 
The AV model was tested using the Georgia Tech Left Simulator as the pulsatile flow 
loop as shown in Figure 5.  The flow loop was capable of replicating the physiological 
hemodynamic conditions of the human heart.  This includes cardiac output at 5 liters per minute, 
35% systolic duration to cardiac cycle ratio, and aortic pressure of 120/80 mmHg.  The loop 
contains the aortic chamber with the valve, reservoir, pump and a pulse programmer which 
controls the heart rate.  The solution in the flow loop is 36% glycerine and 64% water, and has a 
kinematic viscosity approximately of 3.5 mm
2





Figure 5: Schematic diagram of the Georgia Tech Left Simulator.   
 
Laser Doppler Velocimetry 
Two-dimensional velocity was measured in the valve model using a three-component, 
fiber optic, coincident Laser Doppler Velocimetry (LDV) system (Aerometric System, TSI Inc., 
Shoreview, MN).  A 4W Argon-ion single laser beam, attached to a fiber drive unit, was split 
into two beams, which were focused at the measurement location.  Intersection of the two beams 
caused interference and produced a set of straight fringes.  As particles flowed through this 
segment, they reflected light with a signature scatter pattern known as the Doppler burst.  This 
was processed by the Fast Fourier Transform based real-time analyzers (RSA-1000, TSI Inc., 
Shoreview, MN).  The fiber drive unit was connected to a two-component fiber optic transceiver 
probe, which had a focal length lens of 100 mm.  The optical density between the flow loop fluid 
and air is 19µm by 126 µm.  All measurements were acquired in the backscatter mode in which a 
single probe transmitted and received the Doppler signals.  The LDV system was set to a 
sampling frequency of 5 MHz and thus a velocity resolution of 1.8 cm/s.  The pulse programmer 
received all data to phase lock the measurements to the cardiac cycle.  From the characteristics of 
15 
 
the Doppler burst, velocities at the measured location were calculated.  40,000 data points were 
taken at each position.   
Measurements were taken from the sinus wall to the surface of the valve leaflet along the 
radial line.  Measurements were also taken downstream from the valve.  To account for flow 
loop fluid optical density, consecutive measurement points were 89 µm apart.  At each point, 
velocity measurements were binned into 86 phases of 10 ms each over the entire cardiac cycle.  
Shear stress was calculated by computing the velocity profile gradient at the leaflet surface.  The 
laser was adjusted to provide the greatest intensity for every experiment.  A data acquisition 
system was used to measure the intensity of the laser for each measurement; 40 cycles were 
recorded for each point.  MATLAB was used to analyze data and calculate shear stress. 
 
Shear Stress  
Two assumptions were made in computing shear stress: Newtonian mechanics is valid 
and the fluid is Newtonian and isotropic.  Shear stress was calculated using Equation 1.   
     (1) 
τ is the shear stress, µ is the fluid’s dynamic viscosity, ui is the ith component of the velocity and 
xi is the position of ith axis.  The stream-wise direction was represented as i and the radial 
direction as j.  The first term in the equation can be found from the taking the gradient of the 
stream-wise velocity with respect to the radial distance, which was measured using LDV.  The 
second term was neglected; this value represented the dynamics of the valve leaflet but its 







The aortic pressure was maintained at 120/80 mmHg in the flow loop.  Figure 6 shows a 
representative pressure waveform at a heart rate of 70 beats/min and stroke volume of 62 ml.  
This pressure curve was similar for the other conditions (various stroke volumes and heart rates).   
 
Figure 6: Graph of the pressure across the valve in the flow loop. 
 
Flow 
Systolic flow waveforms were found for the different conditions stated previously.  
Figure 7 displays the graph for different stroke volumes at a heart rate of 70 beats/min.  As 
stroke volume increased, volumetric flow rate also increased.  Figure 8 shows the graph for 
different heart rates at a stroke volume of 55 ml.  As heart rate increased, systolic duration 
decreased.  For the heart rate of 90 beats/min, bulk forward flow was higher than the other heart 




Figure 7: Flow waveform for various stroke volumes.     
 
 
Figure 8: Flow waveform for various heart rates. 
 
Leaflet location 
 To compute shear rate, the leaflet location and orientation was first calculated.  Using the 
data acquisition system, the back-scattered laser light was recorded from the LDV probe.  The 
intensity of reflected light was highest when the leaflet was within the probe volume.  Figure 9 
represents the back-scattered light intensity map over time, which displays the trajectory of the 




Figure 9: Reflected light intensity map of the leaflet.  
 
 Using the reflected light intensity technique, systolic positions of the leaflet were graphed 
for the different conditions.  Figure 10 shows the leaflet location for various stoke volumes and 
Figure 11 for the various heart rates.  All conditions followed a similar trend; leaflet is opened 
further during early systole than late systole.  In Figure 10, the systolic leaflet positions for the 
various stroke volumes were less than 1 mm away from each other.  For the leaflet position of 
the 29 ml stroke volume, the valve leaflets closed earlier due to shorter systolic duration as 
compared to the others.  In Figure 11, 50 beats/min and 70 beats/min were similar in shape.  
However, for 90 beats/min the valve leaflets opened slightly further away from the sinus and it 
closed earlier.  This was due to a decrease in systolic duration at a higher heart rate than the other 




Figure 10: Leaflet position for various stroke volumes. 
 
 
Figure 11: Leaflet position for various heart rates. 
 
Shear stress 
 Shear stress experienced by the aortic valve was calculated for the entire cardiac cycle.  
Figure 12 displays the shear stress experienced by the leaflet under a heart rate of 70 beats/min 
and stroke volume of 73 ml.  Shear stress was higher during systole than diastole as shown in the 
graph.  Shear stress was low in the beginning, quickly raised to about 21 dyn/cm
2
 at mid systole 
and rapidly decreased after its peak.  Shear stress started at approximately 3 dyn/cm
2
 for diastole 
20 
 
and decreased to zero.  Since the systolic region is more prominent than the diastolic region, this 
study only focused on the systolic shear stresses.   
 
Figure 12: Shear stress over the cardiac cycle. 
 
  Shear stress waveforms over systole were graphed for the different conditions.  Figure 
13 shows the shear stress of different stroke volume for the same heart rate of 70 beats/min.  
Table 1 displays peak shear stress for the four different conditions.  For the four stroke volumes, 
shear stress was low during early systole and increased during late-mid to early-end systole.  In 
early systole, immediately after valve opening, a small negative peak was observed in all of the 
conditions.  This negative value approached zero as stroke volume increased.  Peak shear stress 
was seen around 275 ms and declined to zero at approximately 350 ms.  Shear stress ranged from 
1.1 dyn/cm
2
 for stroke volume of 29 ml to 15 dyn/cm
2
 for stroke volume of 68 ml.  As the stroke 
volume increased, systolic shear stress also increased.  A larger stroke volume resulted in more 






Table 1: Peak shear stress for the four different stroke volumes.  
 
 
Figure 13: Shear stress at various stroke volumes. 
Figure 14 shows the shear stress of different heart rates for the same stroke volume of 55 
ml.  Table 2 displays the peak shear stress for the various heart rates.  During early systole, a 
negative peak was seen; this peak increased as the heart rate increased.  Heart rates of 50 
beats/min and 70 beats/min were similar in shape, and unlike the 90 beats/min.  70 beats/min had 
a lower late systolic peak shear stress than the 50 beats/min.  At the higher heart rate, the initial 
low shear stress was not seen; however, a rather quick increase in shear stress to an early systolic 
peak of approximately 5 dyn/cm
2
 occurred.  After this, shear stress decreased slightly and rose 
back up to about 7 dyn/cm
2
.  As heart rate increased, systolic shear stress decreased and bulk 
forward flow increased.  Higher heart rate resulted in shorter systolic duration; this reduced the 
time for high velocities to form in the sinus, resulting in a lower shear stress.  Figure 8 and 11 
show that when the heart rate is at 90 beats/min, the leaflet opened wider and a larger bulk 
Heart Rate (beats/min) Stroke Volume (ml) Peak Shear Stress (dyn/cm
2
)  
70 68 15.0 
70 62 13.4 
70 43 6.4 
70 29 1.1 
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forward flow rate existed during early systole.  This behavior lead to early systolic elevation of 
positive shear stress for this case.  Shear stress was reduced during late systole because the 
leaflet opened narrower and a lower bulk forward flow rate existed.   
 
Table 2: Peak shear stress for the three different heart rates.  
 
 








Heart Rate (beats/min) Stroke Volume (ml) Peak Shear Stress (dyn/cm
2
)  
50 55 11.4 
70 55 10.2 




Behavior of shear stress can be understood by the interaction between sinus flow and 
valve leaflets.  The flow and fluid in the sinus volume determines the formation of sinus vortices 
depending on the valve opening angle.  In Figure 15, the valve opening is less than 90O, so a 
strong sinus vortex is formed due to the entrainment of the calm sinus flow.  The forward flow 
jet induces sinus flow by drag forces causing a shear stress peak after a large delay.  In Figure 
12, shear stress decreased after reaching its peak because of viscous energy dissipation and 
deceleration of forward flow; this reduces the intensity of the sinus vortex.   
In Figure 12 during diastole, shear stress decreased to zero.  This occurs during late 
systole, where there is a reverse in flow due to pressure gradient, which subsequently results in 
fluid mixing.  This causes remnant fluid motion distal to the valve, which disperses over the 
diastolic duration through viscous interactions.    
 
Figure 15: Flow in the sinus area. 
 
Only one previous study has measured the fluid shear stress on a polymeric valve leaflets.  
However, it studied steady flow conditions and temporal resolution was not measured.
9
  In 
addition, magnetic resonance imaging and cardiac ultrasound were used to measure the 







and temporal resolution that can be achieved using these in vitro stress measurement techniques.  
In addition to improving computational simulations, this shear stress data can be used in 
mechanobiology experiments to study the development of calcification.  
 By studying the various conditions, it was found that aortic surface shear stress is 
strongly influenced by hemodynamic parameters.  This means that if any disease or condition 
influences changes in hemodynamics, then aortic surface shear stresses will be affected.  
Currently, the exact method of how changes in shear stresses affect aortic valve biology is 
unknown.  However, further in vitro studies can be conducted to understand this mechanism.  
Previous studies have shown that low and oscillatory shear stresses lead to vascular endothelium 
sclerosis.
10-12
  If shear stress on aortic valve endothelium is similar to vascular endothelium, then 
a higher heart rate may minimize shear stress potentially eliciting sclerotic responses from the 
aortic valve.  Tachycardia is a disorder when the heart beats faster than normal, which increases 
the risk for heart disease.
13-14
  Studies have shown that tachycardia and hypertension are closely 
linked and hypertension increases the risk of aortic valve calcification.
15-18













 Shear stress measurements were taken on the aortic surface of the aortic valve leaflet.  
Shear stress is higher for the systolic region than the diastolic region.  As stroke volume 
increased, systolic shear stresses also increased.  As heart rate increased, systolic shear stresses 
decreased.  Systolic shear stress increased with wider valve leaflet opening.   
Using the methodology described, these in vitro experiments can be run under different 
parameters to manipulate various heart conditions.  Instead of a normal aortic valve, a bicuspid 
valve (BAV) model can be studied in the pulsatile flow loop.  Shear stress measurements can be 
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